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The slow Debye-like relaxation in the dielectric spectra of monohydroxy alcohols is a matter of
long standing debate. In the present work, we probe reorientational dynamics of 5-methyl-2-hexanol
with dielectric spectroscopy and depolarized dynamic light scattering (DDLS) in the supercooled
regime. While in a previous study of a primary alcohol no indication of the Debye peak in the
DDLS spectra was found, we now for the first time report clear evidence of a Debye contribution in
a monoalcohol in DDLS. A quantitative comparison between the dielectric and DDLS manifestation
of the Debye peak reveals that while the dielectric Debye process represents fluctuations in the
end-to-end vector dipole moment of the transient chains, its occurrence in DDLS shows a more
local signature and is related to residual correlations which occur due to a slight anisotropy of the
α-relaxation caused by the chain formation.
The relaxation behavior of monohydroxy alcohols, and in
particular the nature of the prominent Debye relaxation
peak observed in the dielectric spectra, is a long stand-
ing topic [1]. Initially the Debye model was designed
as a model to describe the structural relaxation [2], but
later on it turned out that in monohydroxy alcohols the
α-process is related to a relaxation faster than the De-
bye peak, and experiments have provided increasing evi-
dence that the Debye contribution is caused by relaxation
of transient supra-molecular structures [1]. In particu-
lar the recently proposed model of transient chains [3],
which form due to H-bonding and, despite their transient
nature, effectively lead to a relaxation of an average end-
to-end dipole vector, seems promising in that respect.
Although it appeared for a long time that only dielec-
tric experiments show evidence of the Debye process, re-
cently it was identified in the shear mechanical response
[4] and was also identified in DDLS of several H-bonding
liquids [5, 6]. However, a recent DDLS investigation of
1-propanol with an improved DDLS setup did not show
any sign of a Debye contribution, even down to a level
of a few percent of the α-relaxation amplitude [7]. This
is surprising, first of all because based on the idea of
transient chain formation one would expect the observed
dynamics to bear some resemblance with the chain dy-
namics in unentangled polymer melts [3], which in fact
can be observed in DDLS [8]. Second, even if the picture
of polymer-like chain dynamics were not quite adequate,
their formation should at least prevent a fully isotropic α-
process, and so, a certain amount of residual correlation
should decay on a time scale longer than τα. Anticipat-
ing that in the latter respect, the situation in primary
and secondary alcohols might be different, we present a
combined DDLS and BDS study of 5-methyl-2-hexanol
(5M2H) in the following, and it turns out that indeed
for the secondary alcohol a Debye type process can be
identified in light scattering.
5M2H was purchased from Sigma Aldrich with a purity
of 99% and filtered with 20 nmWatson filters. The DDLS
and BDS experiments were performed with setups al-
ready described elsewhere [9–11]. Dielectric spectroscopy
was performed using a Novocontrol Alpha Analyzer in
combination with a time domain dielectric setup. After
Fourier transforming the time domain data, combined
data sets were obtained covering a frequency range from
10−6 − 107Hz and a temperature range of 105 − 240K.
We note that our dielectric data show good agreement
with the data previously published by Bauer et al. [19].
The photon correlation experiments were performed in
vertical-horizontal depolarized geometry. All measure-
ments were taken at a scattering angle of 90 degrees and
in a temperature range of 126−193K. Particular care was
taken to calibrate temperature in the different setups so
that an overall accuracy of ±0.5K was achieved.
When comparing the correlation functions of DDLS
and BDS one has to consider that, besides the fact that
both methods probe collective and not microscopic quan-
tities, different correlation functions are involved: DDLS
probes the reorientation of the anisotropy tensor of the
molecular polarizability [12] while BDS probes the col-
lective reorientation of permanent molecular dipole mo-
ments, i. e., a vector quantity. Therefore, correlation
functions of different Legendre polynomials are probed
in both methods:
Φℓ(t) = 〈Pℓ(cos θ(t))〉, (1)
namely ℓ = 1 for BDS and ℓ = 2 for DDLS, with θ(t)
being the angle between the positions of the respective
molecular axis at times 0 and t. Assuming that the op-
tical anisotropy and the permanent dipole moment are
located in the same molecular entity and the considered
processes are isotropic to good approximation a relation
between Φ1 and Φ2 can be established depending on the
geometry of the underlying stochastic process: For exam-
ple, in case of isotropic rotational diffusion the correlation
times are different by a factor of three τ (1)/τ (2) = 3, in
the case of reorientation by random jumps the correlation
function becomes independent of ℓ [12].
2FIG. 1. Frequency dependent dielectric loss data joined with
Fourier transformed time-domain data of 5-methyl-2-hexanol
with fits for Debye, α and β relaxation (solid lines).
FIG. 2. The Fourier transform of the normalized electric
field correlation function g1(t) from depolarized dynamic light
scattering of 5M2H. Solid lines show the fits for Debye-, α-
and β-relaxation as described in the text.
In general alcohols only show relatively weak
anisotropic scattering, so one faces the problem in a pho-
ton correlation experiment, that the scattering is par-
tially heterodyne, because small reflections of the inci-
dent beam on the light path, e.g. by sample cell win-
dows or the vacuum shroud, will superimpose as a local
oscillator with the weak scattering signal. The treatment
of partial heterodyning and the calculation of the field
correlation function g1(t) = 〈E
∗
s (0)Es(t)〉 /
〈
|Es|
2
〉
of the
scattered electric field Es from the intensity correlation
function g2(t) = 〈I(t)I(0)〉 / 〈I〉
2 is described in detail in
Refs. 13 and 7 using the expression:
g2(t) = 1 + ΛC
2|g1(t)|
2 + 2ΛC(1− C)|g1(t)|, (2)
with Λ being the independently determined coherence
factor and 0 < C ≤ 1 the degree of heterodyning. To
correctly determine C, one has to estimate the effect of
microcopic dynamics, which causes a decay of g1(t) on
timescales shorter than t0 ≈ 1 ns [13]. For the present
data this decay was estimated from Tandem Fabry Perot
interferometry measurements at higher temperatures to
be 1− g1(t0) ≈ 0.2 [14].
Figs. 1 and 2 show dielectric and light scattering re-
sults for selected temperatures. In Fig. 2 the correlation
function of the electric field g1(t) was Fourier transformed
to obtain the susceptibility representation. In the light
scattering data the contribution of three distinct relax-
ation processes is directly obvious, with the α-relaxation
being most prominent in the intermediate time range and
a Johari-Goldstein (JG) β-process at shorter times. At
longest times a Debye contribution can clearly be distin-
guished. A detailed analysis reveals that basically the
same processes are observed by both methods, just the
Debye contribution differs significantly in strength, shape
and timescale between both techniques. The fit model is
the same as the one used earlier for 1-propanol [7]: α- and
β-relaxation are modeled with a distribution of relaxation
times, which can be integrated either in frequency or in
time domain to yield the dielectric permittivity or the re-
laxation function, respectively. While this is convenient,
we note that the main results are consistently obtained
also with more conventional relaxation functions. The
expressions for α- and β-relaxation are combined using
the Williams-Watts approach [15] and finally the Debye-
like contribution is added:
Φ(t) = ∆εD e
−(t/τD)
βD
+
+∆εαβ Φα(t) · ((1− kβ) + kβΦβ(t)) . (3)
We note here, that βD is included to take account of a
possible broadening of the Debye-like process and kβ in-
dicates the strength of the JG-relaxation in the Williams-
Watts apporach. For more details on the applied relax-
ation time distributions and the shape parameters see
Refs. 7 and 16. The respective fit results are seen as
solid lines in Figs. 1 and 2.
In Fig. 3 we bring together the relaxation times ob-
tained by dielectric and photon correlation spectroscopy.
Very similar to the results previously obtained for 1-
propanol [7], α- and β-relaxation show the same tempera-
ture dependent relaxation times in both BDS and DDLS.
While τα(T ) is described by a Vogel-Fulcher-Tammann
law, the JG-relaxation shows an Arrhenius temperature
dependence. Within experimental uncertainty the time
constants of α- and β-relaxation are identical in both
methods. And it turns out that this holds true also for
the spectral shape parameters of both relaxations (not
shown here), which coincide in the range where a free fit
was possible in both data sets. Also, the relative strength
of the JG-relaxation does not differ significantly when
comparing both methods.
Thus, as the above findings are very similar to what
3FIG. 3. Arrhenius plot of relaxation times of 5M2H obtained
from BDS (orange) and DDLS data (blue). τD and τα data
are interpolated with a Vogel-Fulcher-Tammann law and the
β-process is described by an Arrhenius equation with an acti-
vation energy of Ea/kB = 3460K. Unless explicitly indicated,
the uncertainties are smaller than the symbol size. The in-
set shows the ratio of timescales of the Debye contribution
for both methods: solid symbols show the ratio τBDSD /τ
DDLS
D ,
open symbols show the ratio of τBDSD and the mean logarith-
mic correlation time of the DDLS Debye contribution. The
dashed line indicates a factor of three as the τ (1)/τ (2) ratio in
case of rotational diffusion.
was previously reported in 1-propanol [7], a similar con-
clusion can be drawn about the dielectric and light scat-
tering manifestations of the JG relaxation in 5M2H,
namely that if the 〈Pℓ(cos θ(t))〉 correlation functions are
directly comparable, which relies on certain assumptions
that need careful consideration [7], then the JG process in
5M2H cannot be a small angle process, as often discussed
as the motional mechanism behind the JG-relaxation
[17], because in that case its strength would be expected
to be different by a factor of three for ℓ = 1, 2 correla-
tion functions [7]. Instead, reorientation is expected to
involve large angle motion, favoring the picture of islands
of mobility [18] in 5M2H.
While α- and JG-relaxation appear almost identical
in both methods, the Debye-contribution manifests in a
different way, as is demonstrated in Fig. 4, where the am-
plitude of the DDLS data is rescaled in order to match
the dielectric α-/β-relaxation at a given temperature. It
becomes obvious that the Debye contribution is weaker
by about two orders of magnitude and faster than its
dielectric counterpart. Moreover, it turns out that in
DDLS the Debye contribution is broadened: Although
the uncertainty in determining the stretching parameter
is quite large due to the strong overlap of Debye-like con-
tribution and α-process in DDLS the slowest process is
characterized by βDDLSD = 0.65 ± 0.15 for all tempera-
tures in Fig. 2, while the strong Debye contribution in
the dielectric data is well described by βBDSD ≈ 1, in ac-
cordance with previous findings for Debye-contributions
FIG. 4. Direct comparison of dielectric (orange, squares) and
DDLS data (blue, circles) at a similar temperature, demon-
strating that α- and JG-relaxation appear to be almost identi-
cal in both methods with respect to their line shape and time
constant (dashed lines), while both methods show a different
manifestation of the low-frequency Debye contribution (dash-
dotted line). The inset shows separation between α-process
and Debye-peak as seen in the ratio τD/τα as a function of
the α-relaxation time.
in BDS and DDLS [5, 6].
One of the hallmarks of the Debye-like process in
monohydroxy alcohols is its temperature dependent sep-
aration from the α-relaxation, which shows a maximum
in the intermediate temperature range seen in the ratio
log(τD/τα) around τα ≈ 10
−4 s [19]. The same ratio is
plotted for 5M2H in the inset of Fig. 4. Qualitatively, it
shows the same characteristics in DDLS as in BDS, just
that in DDLS the Debye-like contribution is closer to the
α-relaxation. The ratio of the timescales of the Debye-
like contribution in both methods is shown in the inset of
Fig. 3. Solid symbols represent the ratio of τBDSD /τ
DDLS
D ,
which is around a factor of three and is seen to increase
towards lower temperatures.
Of course a factor of three can be understood in terms
of different Legendre polynomial correlation functions
Eq. (1) ℓ = 1, 2, when considering a process of rota-
tional diffusion, which leads to τ (1)/τ (2) = 3, and is in
accordance with previous findings for the light scattering
manifestation of the Debye contribution in other hydro-
gen bonding systems [5, 20]. However, as seen in the
same inset, the ratio becomes larger than 3 at lower tem-
peratures. Moreover, when the broadening of the DDLS
Debye-contribution is taken into account, an average re-
laxation time instead of τDDLSD has to be considered.
Therefore, the ratio with the mean logarithmic relaxation
time, calculated as ln〈τDDLSD 〉 = (1−1/β) ·Eu+ln τ
DDLS
D
[21], is shown as open symbols in the inset of Fig. 3. The
resulting ratio τBDSD /〈τ
DDLS
D 〉 is larger than three at all
temperatures. An explanation could be a different effect
of cross correlations in both methods, as we point out in
the following.
4FIG. 5. Comparison of the the relative strength of the α-/β-
relaxation and the Debye-like contribution in BDS and DDLS.
For the dielectric data T ·∆εBDS/100K is plotted to remove
the Curie temperature dependence. For the light scattering
data c · ∆χDDLS is plotted with c chosen such that ∆χαβ
approximately meets the corresponding BDS data, so that
the relative contribution of the Debye-like process becomes
directly obvious. The inset shows the Kirkwood correlation
factor gK derived from ∆εBDS.
Fig. 5 shows a comparison of Debye- and α-/β-
relaxation strength in light scattering and dielectric spec-
troscopy. It becomes obvious that compared to BDS the
Debye-contribution in DDLS is weaker by more than two
orders of magnitude. At the same time the remaining
temperature dependence in the dielectric T · ∆εD indi-
cates that temperature dependent cross-correlations play
a role in the dielectric Debye peak. Static cross corre-
lations are usually identified in the Kirkwood correla-
tion factor gK , which is calculated from the Kirkwood-
Fröhlich equation [22] and is shown in the inset of Fig. 5.
Like in the case of 1-propanol, gK is significantly larger
than one, indicating that preferentially linear chains are
formed by hydrogen bonding, leading to a significant
end-to-end-vector dipole moment producing a large di-
electric signal. By contrast, for ring-like structures, in
which molecular dipole moments would largely cancel
each other, gK < 1 would be observed [23].
However, intermolecular cross-correlations are also
known to influence the dynamics. A theoretical treat-
ment of the problem by Madden and Kivelson [24] sug-
gests that this can also be quantified by using the Kirk-
wood factor of static cross-correlations gK and a dynamic
correlation factor JK in order to relate a single-molecule
correlation time τs with the collective time τc:
τc ≈ τs · gK/Jk. (4)
As JK ≈ 1 is expected [24], this leads to a slowing down of
the collective relaxation if gK > 1. We note that this re-
lation is supported by experimental findings in hydrogen
bonding liquids as well as by molecular dynamics simu-
lations (see [25, 26]). In the present context this implies
that the relaxation times observed in both methods BDS
and DDLS will be affected in a different manner by cross-
correlations quantified by gBDSK and g
DDLS
K , respectively.
If one assumes the maximum possible effect of different
Legendre polynomials for the single molecule correlation
time τ
(1)
s /τ
(2)
s = 3, the ratio of characteristic times for the
Debye process becomes τBDSD /τ
DDLS
D ≈ 3 · g
BDS
K /g
DDLS
K ,
where again a possible effect of JK is neglected. Thus,
the ratio of time constants reflects the ratio of cross cor-
relation parameters gBDSK /g
DDLS
K involved in both meth-
ods, which turns out to be significantly larger than 1 and
even close to gBDSK for certain temperatures. This in-
dicates, that, while the dielectric Debye contribution is
dominated by its collective character the DDLS Debye
represents a more local probe of the same dynamics and
is closer to the single molecule relaxation time.
This is also reflected in the strength of the Debye con-
tribution in each method: While in BDS it is related to
fluctuations of the end-to-end-vector dipole moment, i.e.,
a collective quantity, where a component of the molec-
ular dipole moment adds up along the contour of the
transient chain [3], DDLS probes the signature of the
Debye contribution in a different manner: Even in case
of cross correlations being less important, the formation
of transient chains restricts fully isotropic reorientation
during α-process, leading to some remaining correlation
at times t > τα. The decay of this remaining level of
correlation can then be seen as Debye-like contribution
at later times. As such a process is more local in nature
than the dielectric Debye it will reflect the heterogeneity
of local environments to a larger extent, leading to a sig-
nificant broadening of the Debye contribution in DDLS,
as is observed experimentally. Of course this local decay
of remaining correlation is expected to be related to the
OH-bond lifetime [25], which is known to typically be
on a timescale in between the α-relaxation and the di-
electric τD [1], but will not be identical with it, as cross
correlations still do play a role.
The appearance of a Debye-like contribution in DDLS
requires, that some correlation is left in an ℓ = 2 cor-
relation function at times longer than τα. In primary
alcohols like 1-propanol, where so far no Debye contri-
bution could be identified in DDLS on the level of a few
percent of the α-relaxation amplitude [7], the position
of the OH group at the end of the alkyl chain may be
the reason. Unlike the dipole moment, which is located
close to the OH group, the anisotropic polarizability is
formed along the alkyl chain, which may have consid-
erable freedom of motion, so that the 〈P2(cosϑ)〉 cor-
relation function fully decays via the α-process. When
this freedom is more restricted due to steric hindrance
within a transient chain, as can be envisaged for an OH
group position closer to the center of the molecule, some
correlation remains leading to an observable Debye-like
contribution in DDLS. This conclusion is supported by
recent findings in the primary alcohol 2-ethyl-1-hexanol,
5where again no Debye peak is discernible in DDLS, and in
the secondary alcohol 3-methyl-2-butanol, where a pro-
nounced Debye contribution is seen in the data, as shown
in the supplemental material [URL here].
In summary we report a clearly discernible Debye-like
contribution in the DDLS correlation functions of 5M2H.
The strength, timescale and broadening of this contribu-
tion indicates, that while the dielectric Debye process
reflects fluctuations in the end-to-end vector dipole mo-
ment of transient chains, cross correlations are less im-
portant for the DDLS Debye contribution, which shows
a more local character. How such a scenario is affected
in the case when transient chains predominantly form
closed-loop structures, and whether or not an underlying
single molecule relaxation time is identical with the OH
bond lifetime has to be left open for further studies.
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